Mosquito salivary glands have important roles in blood feeding and pathogen transmission. However, the biological relevance of many salivary components has yet to be determined. Aegyptin, a secreted salivary protein from Aedes aegypti, binds collagen and inhibits platelet aggregation and adhesion. We used a transgenic approach to study the relevance of Aegyptin in mosquito blood feeding. Aedes aegypti manipulated genetically to express genespecific inverted-repeat RNA sequences exhibited significant reductions in Aegyptin mRNA accumulation (85-87%) and protein levels (>80-fold) in female mosquito salivary glands. Transgenic mosquitoes had longer probing times (78-300 s, P < 0.0001) when feeding on mice compared with controls (15-56 s), feeding success was reduced, and those feeding took smaller blood meals. However, no differences in feeding success or blood meal size were found in membrane feeding experiments using defibrinated human blood. Salivary gland extracts from transgenic mosquitoes failed to inhibit collagen-induced platelet aggregation in vitro. Reductions of Aegyptin did not affect salivary ADP-induced platelet aggregation inhibition or disturb anticlotting activities. Our results demonstrate the relevance of Aegyptin for A. aegypti blood feeding, providing further support for the hypothesis that platelet aggregation inhibition is a vital salivary function in blood feeding arthropods. It has been suggested that the multiple mosquito salivary components mediating platelet aggregation (i.e., Aegyptin, apyrase, D7) represent functional redundancy. Our findings do not support this hypothesis; instead, they indicate that multiple salivary components work synergistically and are necessary to achieve maximum blood feeding efficiency.
hematophagy | evolution | saliva | transgenesis | RNAi A edes aegypti, the main vector of dengue, chikungunya, and yellow fever viruses, is an anautogenous mosquito that requires a blood meal for egg development. Female mosquitoes probe the skin of a suitable vertebrate host to acquire a blood meal. Hematophagy (blood feeding) to repletion usually takes from seconds to a few minutes (1) . The stylets used to pierce the vascular beds of the vertebrate hosts cause local damage that triggers host hemostatic responses.
Primary hemostasis is characterized by vascular contraction, platelet adhesion, and formation of a soft aggregate plug that begins immediately after endothelial disruption. Injury causes temporary local contraction of vascular smooth muscle. Vasoconstriction slows blood flow, enhancing platelet adhesion and activation. The soft platelet plug is stabilized to form a clot during secondary hemostasis (2, 3) . Hematophagic arthropods have evolved a complex mixture of salivary components that counteract platelet aggregation, blood coagulation, vasoconstriction, and inflammation to overcome this efficient and redundant vertebrate hemostatic system (4) (5) (6) .
Aedes aegypti, Anopheles stephensi, and Simulim nigrimanum express salivary collagen-binding proteins that prevent collageninduced platelet aggregation and adhesion by blocking its interaction with the platelet receptors glycoprotein VI and Integrin α 2 β 1 , and von Willebrand factor (vWF) (7) (8) (9) (10) . Aegyptin is an A. aegypti salivary protein that binds directly through its C-terminal domain to the vWF binding site in collagen (7, 8) . Moreover, Aegyptin prevents carotid thrombus formation in vivo without causing excessive bleeding in mice.
We used a transgenic approach to reduce the products of the Aegyptin gene (also known as the 30K b gene; ref. 11) to study its relevance in blood feeding. Our results show that reduced levels of Aegyptin mRNAs and protein result in a phenotype in which the probing times of transgenic mosquitoes are increased significantly, and their salivary gland extracts fail to inhibit collageninduced platelet aggregation in vitro. Reductions in Aegyptin did not affect either the salivary gland anticoagulant or ADP-induced platelet aggregation activities. We interpret these data to indicate that the altered feeding capabilities of transgenic insects results from their inability to inhibit collagen-induced platelet aggregation.
Although mosquito salivary antihemostatic activity has been demonstrated, it remains to be proven whether each particular salivary component is relevant or necessary to acquire a successful blood meal. It was proposed that redundancy of salivary function reinforces the efficiency of blood feeders (12, 13) . However, our results do not support this general hypothesis. It
Significance
Hematophagy is key to mosquito reproductive success and an important link in pathogen transmission cycles. Vertebrate hemostasis, specifically platelet aggregation, vasoconstriction, and coagulation, presents a significant challenge to successful blood feeding. Mosquitoes have been selected to secrete salivary proteins with powerful antihemostatic activities. Aegyptin, a salivary protein from the dengue, chikungunya, and yellow fever vector, Aedes aegypti, binds collagen and inhibits platelet aggregation and adhesion. A transgene-based, gene-silencing approach elicited a specific and significant reduction in Aegyptin mRNA and protein levels in female salivary glands. The resulting prolonged probing times and reductions in feeding quality and quantity support the conclusion that platelet aggregation inhibition is a vital salivary function and that Aegyptin plays a significant and nonredundant role in successful feeding.
appears that the diversity and complexity of antihemostatic proteins found in salivary secretions is not entirely redundant because reduction of Aegyptin alone impairs significantly the ability of the mosquito to acquire a blood meal.
Results

Generation of Transgenic Mosquitoes Expressing dsRNAi Against
Aegyptin. A transgene was engineered to produce a self-complementary inverted-repeat RNA derived from Exon-2 of the Aegyptin gene (Fig. 1A and Fig. S1 ). One transgenic line, designated dsAegyptin, was maintained by intercrossing transgenic siblings. Genomic integration of the dsAegyptin transgene was demonstrated by PCR. Gene-specific primers for Aegyptin and actin (Aaeact-1; ref. 14) were used as positive controls, whereas dsAegyptin and eGFP gene-specific primers were used as markers of transgene insertion ( Fig. S2A and Table S1 ). Both eGFP and dsRNAi genes are under control of the bidirectional 30K gene promoter, therefore their transcripts are expected to be colocalized in the distal portion of the salivary glands lateral lobes (11) . Fluorescence microscopy visualization reveals that eGFP is accumulated exclusively in the distal lateral lobes of salivary gland of dsAegyptin mosquitoes (Fig. S2B) . No fluorescence was detected in control (Higgs) salivary glands (Fig. S2C) . These results demonstrate the functionality of the 30K promoter to drive expression of the transgenes in the salivary gland compartment where the endogenous Aegyptin mRNA is transcribed (15) . Temporal and spatial colocalization of Aegyptin mRNA and dsRNAi was designed to maximize the reduction of Aegyptin in salivary glands and reduce putative fitness costs associated with transgenesis.
Aegyptin Expression in Transgenic Mosquitoes. A previously described transgenic line, 30KExGM (11) , was used as the biological control because of its transgene structural and expression similarities with dsAegyptin. The 30KExGM transgene consists of full-length 30K a fused to the eGFP ORF flanked by the 30K promoter and 30K a 5′-and 3′-end untranslated regions (UTRs) in one orientation and the dsRNAi Mnp antidengue effector gene (16) flanked by 30K promoter and Aegyptin (30K b) 5′ and 3′ UTRs in the cDNA (Fig. 1B) . Both transgenic lines express eGFP and dsRNAi in their salivary glands. Real-time quantitative RT-PCR (qRT-PCR) was carried out with total RNA extracted from salivary glands of dsAegyptin or 30KExGM mosquitoes. Expression of dsRNAi in dsAegyptin mosquitoes reduced Aegyptin mRNAs to levels 85-87% (P < 0.0001) lower than those found in 30KExGM ( Fig. 2A) . We also found that silencing of Aegyptin gene transcripts resulted in a significant reduction of Aegyptin at the protein level (Fig. 2B, Table 1 ). Measured Aegyptin (Table 1) in the salivary glands of dsAegyptin mosquitoes (0.406 ± 0.03 ng) was ≥80-fold lower than in the parental strain Higgs (36.35 ± 0.98 ng) and the transgenic control 30KExGM (33.21 ± 1.21 ng).
Effect of Reduced Aegyptin on Salivary Collagen-Binding Activity and Platelet Aggregation. It was reported that Aegyptin binds to collagen and that it is the only salivary protein responsible for this activity (7, 8) . A surface plasmon resonance (SPR) experiment was carried out to determine whether dsRNAi-mediated suppression of Aegyptin transcription products in salivary glands resulted in a phenotype lacking the salivary collagen-binding activity reported in wild-type mosquitoes. Collagen binding was reduced significantly in dsAegyptin mosquito saliva and salivary gland extracts ( Fig. 3 A and B) . Because collagen is recognized as the main thrombogenic component of the subendothelial matrix, collagen-induced platelet aggregation was assayed in vitro. dsAegyptin salivary gland extracts failed to inhibit collageninduced platelet aggregation whereas those from control mosquitoes effectively abrogated platelet aggregation (Fig. 4A) . ADP, another platelet aggregation agonist, was assayed as a control.
A. aegypti salivary glands express a secreted, female-specific apyrase, hydrolyzing both ADP and ATP (17) . Transcripts of the Apyrase gene are accumulated in the medial and distal lateral lobes of the adult female salivary glands (15, 18) . Our results show that dsAegyptin mosquito salivary glands display the same ADP-induced platelet aggregation inhibition as control mosquitoes (Fig. 4B ).
Reduced Aegyptin Has No Effect on the Anticoagulant Activity of
Salivary Glands. Platelet aggregation and blood coagulation are the two main components of the hemostatic response that lead to stoppage of blood loss. The main salivary anticoagulant in A. aegypti belongs to the superfamily of SERPINs targeting coagulation factor Xa (19, 20) . Accumulation of transcripts for this anticoagulant shows a similar pattern as Aegyptin (15) . Prothrombin time (PT) was measured to assess salivary gland anticoagulant activity in dsAegyptin mosquitoes (Fig. 4C ). Reducing Aegyptin has no effect on the anticoagulant activity of salivary gland extracts. This result indicates that RNA interference against Aegyptin did not affect the function of other major proteins expressed in the same salivary gland compartments.
Reduced Aegyptin Significantly Increases Probing Time. dsAegyptin mosquitoes had an exceptionally long probing time (median of 203 s), ranging from 78 to 300 s, whereas mosquitoes from the control groups started to ingest blood in 15-21 s (Fig. 5 , Table 2 ). Because suppressing Aegyptin did not affect blood coagulation or ADP-induced platelet aggregation inhibition by salivary gland homogenates, we can conclude that the resulting phenotype observed in transgenic mosquitoes is due exclusively to Aegyptin reduction and the decrease of salivary collagen-binding and collagen-induced platelet aggregation activities found in dsAegyptin mosquitoes.
Reduced Expression of Aegyptin Decreases the Feeding Success of
Mosquitoes. We used feeding success as an orthogonal method to assess blood meal intake. Starved female mosquitoes in three groups (20 individuals each) were offered an anesthetized mouse for 12 min and scored by visual inspection as fed or unfed.
Mosquitoes fully engorged or with any visual sign of blood in their abdomen were recorded as fed. dsAegyptin mosquitoes were significantly less successful in obtaining a blood meal compared with the controls (P = 0.0001, χ 2 test; Fig. 6A ). An additional analysis was performed to evaluate the ingested blood meal size as an indication of meal quality acquired by the mosquitoes. Abdomens of fed mosquitoes were homogenized in 1 mL of Drabkin's reagent, and their absorbance at 540 nm was measured. Suppressing Aegyptin also reduces significantly the amount of blood ingested by transgenic dsAegyptin mosquitoes compared with control mosquitoes (Fig. 6B) . Although we cannot rule out the possibility of different feeding rates as a result of attraction/ landing of mosquitoes, these results are in agreement with the longer probing times displayed by dsAegyptin mosquitoes. We used an artificial feeding system with parafilm membrane and defibrinated human blood to complement the previous experiments. We hypothesized that reduced Aegyptin would not have any effect on artificial feeding because this system lacks the collagen needed for normal platelet activating and aggregation. Starved mosquitoes were allowed to feed on membrane feeders for 30 min and scored by visual inspection as described above. No significant differences in feeding success or blood meal size were found in dsAegyptin mosquitoes compared with control mosquitoes ( Fig. 6 C and D) . . Salivary gland homogenates from dsAegyptin have a significantly lower collagen-binding activity than Higgs and 30KExGM control mosquitoes. **P < 0.01, ***P < 0.001, ****P < 0.0001. n.s, not significant. 
Discussion
Saliva and salivary glands from blood feeding arthropods have been studied for their role in blood feeding and pathogen transmission. It is now clear that salivary secretions suppress the hemostatic system of vertebrate hosts helping the invertebrate to obtain a blood meal. Platelet interaction with the exposed extracellular matrix at the probe site is an early event in the hemostatic cascade. Exposed collagen, along with ADP released by broken cells, is one of the most thrombogenic substrates at the site. On vascular injury at sites of high shear rates, circulating vWF binds to exposed collagen fibers initiating the tethering of circulating platelets to the vessel wall via the GPIbα complex (21) . Tethered platelets subsequently roll on the damaged vessel wall, a process that is amplified by the activation of the platelet integrin GPIIb/IIIa (21) . Under high shear stress, platelet adhesion and activation begins immediately (4-20 s) after endothelial disruption (22) . Activated platelets then provide a catalytic membrane surface for the generation of thrombin that, in turn, accelerates recruitment of circulating resting platelets and, particularly, formation of the fibrin necessary to stabilize thrombi and prevent their detachment by flowing blood (23) .
An efficient and rapid mechanism for stopping the hemostatic response to blood loss at the biting site is essential for survival of hematophagic arthropods. Prolonged probing and feeding time can trigger awareness in the vertebrate hosts and result in aborted feeding or death of the arthropod. Hence, faster probing and feeding times would reduce the duration of vector-host contact and increase survival of the feeder.
We demonstrated here the relevance of Aegyptin in A. aegypti blood feeding success. Aegyptin, an abundantly expressed salivary protein of A. aegypti, is a collagen-binding protein that inhibits platelet aggregation and adhesion under static and flow conditions (7, 8) . Reducing Aegyptin transcript abundance by using transgene-mediated dsRNA interference results in a phenotype with prolonged probing time and less successful ingestion of a blood meal. However, it is important to note that suppressing Aegyptin by the transgenic approach did not abrogate completely the collagen binding activity present in salivary glands and saliva. This residual binding might indicate that other salivary molecules also contribute to this activity, or alternatively, the residual activity could result from translation and accumulation of Aegyptin before the dsRNA silencing took effect.
Because transgenic mosquitoes did not have altered anticlotting or ADP-induced platelet aggregation inhibition activities, increased probing time in dsAegyptin mosquitoes can be attributed to reducing Aegyptin abundance and the resulting decrease in collagen-binding and collagen-induced platelet aggregation activities. In contrast, Das et al. (24) did not find any effect on probing time and feeding success in adult Anopheles gambiae following transient silencing of a member of the Aegyptin family (NCBI accession no. AGAP009974-RA). These authors attributed their results to the relatively low silencing efficiency of AGAP009974-RA transcripts in salivary glands or to the existence of redundant salivary functions in the mosquito. Although it has been proposed that redundancy of salivary function reinforces the efficiency of the antihemostatic response by blood feeders (12, 13), our results support alternative hypotheses. It appears that the diversity and complexity of antihemostatic proteins found in salivary secretions is not completely redundant because suppression of a single component, Aegyptin, significantly impairs the ability of the mosquito to acquire a blood meal.
The complexity of salivary components rather may be a response to the redundant and efficient hemostatic system of the vertebrate host. For example, multiple agonists can activate platelets, including collagen, ADP, thromboxane A 2 (TXA 2 ), serotonin, and thrombin (25) . To overcome platelet activation and aggregation, mosquitoes have evolved several salivary compounds that can scavenge or neutralize these agonists. Apyrase, a ubiquitous enzyme found in A. aegypti and other mosquitoes (17) , can efficiently hydrolyze ATP and ADP limiting their accumulation in the extracellular matrix (26) . Removal of ATP and ADP from the biting site reduces the pain cause by these extracellular nucleotides and limits their effect on platelet activation. In contrast, the D7 protein, a multifunctional molecule found in mosquitoes, serves the important functions of inhibiting platelet aggregation, vasoconstriction, inflammation, and host behavioral responses that might disturb feeding (27) (28) (29) (30) (31) (32) .
In conclusion, we demonstrated that the salivary gland protein Aegyptin contributes significantly to blood feeding success in A. aegypti. Our combined results reinforce the role of platelet Fig. 5 . Probing time on mice is prolonged by reduced Aegyptin in transgenic mosquitoes. Probing time was significantly longer in dsAegyptin mosquitoes then in controls (n = 24, P < 0.0001). Transgenic mosquitoes expressing dsRNAi had the first sign of blood in their midgut at least 78 s from insertion of their mouth part in the host's skin, whereas control mosquitoes were able to start ingesting blood at 15-21 s. dsAegyptin mosquitoes with a probing time of more than 300 s were not included in the statistical analysis. Horizontal bars represent the median value. ****P < 0.0001. Fig. 6 . Feeding success of transgenic mosquitoes on mice and artificial membranes. (A) Reduced levels of Aegyptin significantly lowered the feeding success of mosquitoes on anesthetized mice. Percentages of successful feeding were analyzed by using a χ 2 test. (B) Transgenic mosquitoes expressing dsRNAi against Aegyptin mRNA had significantly smaller blood content in their abdomens. Blood meal size (expressed as OD 540nm units) ingested by mosquitoes that fed on mice was quantified by measuring the total hemoglobin content using Drabkin's reagent as described in Materials and Methods. (C) dsAegyptin mosquitoes did not differ in their feeding success compared with controls when fed on an artificial membrane and a bloodmeal lacking collagen and collagen-induced platelet activation and aggregation. (D) Measurement of blood meal size revealed that dsAegyptin and 30KExGM had ingested similar amounts of blood when fed on artificial membrane system. Results were analyzed by using a χ 2 test with 95% confidence interval. ***P < 0.001 and ****P < 0.0001. n.s, not significant. antiaggregation inhibitors in hematophagic arthropods as a primordial salivary function in blood feeding. Furthermore, we provide evidence supporting the conclusion that the multiple antiplatelet factors in mosquito saliva do not represent a redundant system. Instead they perform complementary functions to optimize successful feeding. Our data and conclusions are supported further by data on the partial silencing of salivary apyrase and gSG6 genes in A. gambiae, which resulted in reduced mosquito feeding efficiency (33, 34) . Finally, our results support transgenic approaches for studies of gain and loss of salivary functions.
Materials and Methods
Ethic Statement. Public Health Service Animal Welfare Assurance A4149-01 guidelines were followed according to the National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH) Animal Office of Animal Care and Use. These studies were carried out according to the NIAID study protocol (Animal Study Proposal; ASP) approved by the NIH Office of Animal Care and User Committee, with approval ID ASP-LMVR3.
Animals. Adult female mice weighing 10-15 g were housed under controlled temperature (24 ± 1°C) and light (12 h light starting at 0700 hours) conditions, and all experiments were conducted in accordance with standards of animal care defined by the Institutional Committees (NIH).
Mosquito Rearing and Salivary Gland Dissections. Mosquitoes were reared in the Laboratory of Malaria and Vector Biology, NIH. Adult females (2-to 3-dold) were anesthetized with CO 2 , transferred to an ice-chilled plate, and salivary glands were dissected under a stereomicroscope in 25 mM Tris·HCl and 150 mM NaCl at pH 7.4. Individual or pools of 20 salivary glands pairs were sonicated and centrifuged at 12,000 × g for 5 min. Alternatively, saliva was collected by oil-induced salivation (35) . Briefly, female mosquitoes were immobilized on glass slides, injected intrathoracically with 69 nL of 1 mM serotonin in water (Sigma-Aldrich), and their proboscides were inserted into capillary tubes filled with mineral oil. After 15 min of salivation, saliva from of 10-15 mosquito was pooled and partitioned at 14,000 × g in a bench top centrifuge, and the lower phase containing the saliva was transferred to a clean 1.5-mL tube. Salivary gland extracts and saliva were stored at −80°C until used.
Transgene Construction and Embryo Microinjections. The transgene was designed to carry inverted-repeat RNA sequences derived from Exon-2 of the Aegyptin gene (Fig. 1A) . Transgene DNA synthesis and subcloning into pMOS-DsRED plasmid were performed by BioBasic. Microinjection of pMos_ dsAegyptin and helper plasmids in preblastoderm embryos from A. aegypti Higgs white-eyed strain was carried out as described by Jasinskiene et al. (36) . Microinjection of 1,039 mosquito embryos resulted in 494 surviving G 0 mosquitoes (268 males and 226 females). Surviving G 0 s were outcrossed to mosquitoes of the opposite sex, and female mosquitoes were fed on mice to produce offspring. Progeny larvae of these crosses (G 1 ) were screened for DsRED expression in their eyes by using a fluorescence microscope equipped with a DsRED filter set. Only one G 1 transgenic line expressing the DsRED marker gene (red-eyed) was obtained. Transgenic G 1 mosquitoes were outcrossed to the Higgs recipient strain, and their progeny (G 2 ) were analyzed for the gene of interest. One transgenic line was established and maintained by intercrossing transgenic siblings.
Genomic DNA Extraction and PCR. Genomic DNA was isolated from five adult mosquitoes by using the DNAzol reagent (Life Technologies). DNA samples were solubilized in 100 μL of TE buffer (10 mM Tris·HCl and 1 mM EDTA at pH 7.5) and used as templates for PCR amplification with Platinum PCR SuperMix (Life Technologies). The gene-specific primers TransE2rcF, TransE2rcR, eGFP-F, eGFP-R, Actin-F, Actin-R, Aegyptin-F, and Aegyptin-R were used for amplification (Table S1 ). The amplicons resolved in a 1.2% (wt/vol) agarose precast E-Gel (Life Technologies) containing ethidium bromide were visualized under UV light.
Fluorescence Microscopy. Salivary glands of sugar-fed (3-to 5-d-old) transgenic and control Higgs mosquitoes were dissected as described above and immediately fixed in 4% paraformaldehyde in PBS to visualize the expression and accumulation of the reporter gene eGFP. After 24 h incubation at 4°C, fixed salivary glands were rinsed three times for 10 min with PBS. Salivary glands then were incubated for 30 min at room temperature with PBS supplemented with 0.1% (vol/vol) BSA. Nuclear DNA was stained with Hoechst dye 1:30,000 (Molecular Probes) for 10 min and rinsed in PBS to remove excess dye. Salivary glands were mounted with Fluoroshield (SigmaAldrich), and images were obtained by using a DMI6000B fluorescence microscope (Leica).
qRT-PCR. Total RNA from dissected salivary glands was isolated by using the TRIZOL reagent (Life Technologies). The yield of total RNA from 20 salivary gland pairs (three groups) was determined by using a NanoDrop-1000. Total RNA samples were treated with gDNA Wipeout (Qiagen) to remove any genomic DNA contamination. Gene-specific primers were designed to generate cDNA amplicons of 80-90 bp by using the following primers (5′-3′): dsAegyptin-1F: AAGAAACGACCGATGATGCT; dsAegyptin-1R: GCCAGCATC-CTTATCTCCAG; dsAegyptin-2F: TGTCTGGTAGGCATTGTGCT; dsAegyptin-2R: AGACTCTCCGCTTGCATCAT; Ribosomal S7F: GGGACAAATCGGCCAGGCTATC; and Ribosomal S7R: TCGTGGACGCTTCTGCTTGTTG. First-strand cDNA synthesis was carried out by using QuantiTect reverse transcriptase kit (Qiagen).
Aegyptin mRNA abundance was measured by SYBR green quantitative realtime PCR (DyNAmo HS) by using the CFX96 system (Bio-Rad) and was normalized by using the A. aegypti 40S ribosomal protein S7 transcript (AAEL009496-RA) as the reference. Each sample was assayed in duplicate from three biological replicates (20 pairs of salivary glands each). Fold-change values were derived by using the 2 −ΔΔ Ct method.
Polyclonal Antibody Production. Polyclonal antibodies against recombinant Aegyptin (7) were raised in rabbits by Spring Valley Laboratories as described in ref. 37 .
Quantification of Aegyptin. Quantification of Aegyptin in salivary glands was carried out by ELISA. Recombinant Aegyptin or salivary gland homogenates (pools of three pairs) were diluted in 100 μL of carbonate-bicarbonate buffer (pH 9.0) and immobilized on a 96-well, flat-bottom plate (Costar, Corning) overnight at 4°C. Wells were washed with PBS and blocked with BSA (2% vol/vol, in PBS). After 2 h, wells were washed three times in PBS supplemented with 0.05% (vol/vol) Tween 20 (PBS-T) and incubated with antiAegyptin (1:2,500) in the PBS-T supplemented with 1% (vol/vol) BSA for 1 h. Wells were washed three times and incubated with alkaline phosphatasecoupled anti-rabbit IgG (1:10,000, in PBS-T). After 1-h incubation, the wells were washed four times with PBS-T and the stabilized p-nitrophenyl phosphate liquid substrate (Sigma) was added. Colorimetric analysis was performed by measuring absorbance values at 405 nm in a VERSA max microplate reader (Molecular Devices). Standards (0.01-1,000 ng of recombinant Aegyptin) were fitted by using a nonlinear four-parameter regression to generate a standard curve. Aegyptin concentration in salivary glands was calculated by using the standard curve.
Platelet Aggregation. Platelet aggregation was measured by using an aggregometer (Chrono-Log Corporation) and platelet-rich plasma (PRP) from healthy, medication-free, human donors obtained by plateletpheresis [Department of Transfusion Medicine (DTM)/NIH Blood Bank]. Briefly, 300 μL of PRP, diluted 1:2 in Tyrode's buffer, were prestirred in the aggregometer for 3 min to monitor preaggregation effects. Homogenates of two pairs of salivary glands in Tyrode's buffer of each mosquito line or PBS were added to the PRP before adding the agonists. Aggregation then was induced by using 2 μg/mL (final concentration) of native collagen type I fibrils from equine tendons (Chrono-Log Corporation) or 10 μM ADP (Sigma-Aldrich). All experiments were carried out in triplicate by using PRP from three different donors.
Anticoagulant Assay. Salivary gland extracts were assayed for the PT by using a Start4 Hemostasis Analyzer (Diagnostica Stago). Experimental samples (two pairs of salivary glands or PBS) and normal reference human plasma (50 μL) plasma were incubated for 1 min at 37°C before adding 100 μL of Neoplastine CI Plus reagent (Diagnostica Stago), and the clotting time was recorded under stirring conditions. All samples were assayed in triplicate.
SPR Analysis. All SPR experiments were carried out in a T100 instrument (GE Healthcare). The Biacore T100 evaluation software was used for binding measurements. SPR experiments were performed as described by Calvo et al (7) . Briefly, collagen type I (20 μg/mL) in acetate buffer, pH 4.5, was immobilized over a CM5 sensor via amine coupling. Blank flow cells were used to subtract the buffer effect on sensograms. Binding experiments were carried out with a contact time of 120 s at a flow rate of 30 μL/min at 25°C. Complex dissociation was monitored for 300 s, and the sensor surface was regenerated by a 45-s pulse of 10 mM HCl at 30 μL/min.
Probing Time. Probing time in transgenic and control mosquitoes was measured according to the method described by Ribeiro (38) . Probing time is defined as the time taken from initial insertion of the mouth parts into the mouse skin until the initial observable ingurgitation of blood. Briefly, single female mosquitoes (3-to 5-d-old, never blood fed) were caged in transparent polystyrene vials and starved for sugar and water the night before the tests were carried out. Probing time experiments were carried out in polystyrene vials attached directly to the mouse, thus minimizing the scattering of mosquitoes around the host. Mosquitoes were offered the shaved back of an anesthetized mouse kept on a slide warmer set to 37°C. Probing time was measured on three different mice, alternating mosquitoes from each group (dsAegyptin, and the controls Higgs and 30KExGM). Mosquitoes that did not initiate probing or showed no interest for the host after 5-min exposure were eliminated from the analysis. All measurements were terminated at 300 s, and mosquitoes that did not start to imbibe blood at this cumulative time were recorded as 300 s.
Feeding Success on Mice and Artificial Feeder. Feeding success was measured on anesthetized mice and artificial glass feeders. All mosquitoes used in this experiment were not blood fed previously. For mice feeding, three groups of 20 female mosquitoes (3-to 5-d-old) were caged and deprived of sugar and water the day before the experiments was carried out. Each cage containing starved mosquitoes was offered an anesthetized naïve mouse. Mosquitoes were allowed to feed for 12 min, the mice were removed, and the mosquitoes scored as either fed or unfed. Females with either their entire abdomens fully engorged or partially fed but with visible blood were considered as fed. For artificial membrane feeding, mosquitoes (20 mosquitoes, 3 groups) were allowed to feed on a mini glass feeder (Chemglass Life Sciences) covered with a stretched parafilm membrane. The blood meal consisted of human defibrinated blood diluted in RPMI incomplete medium [50% (vol/vol)] and supplemented with 10% (vol/vol) of human normal reference plasma (Diagnostica Stago). Glass feeders were kept at 37°C during feeding. Mosquitoes were assessed after 30 min for blood in their abdomens as described above.
Blood Meal Size. The blood meal size ingested by each mosquito fed on mice or artificial feeders was determined by quantification of total hemoglobin content in the abdomen by using Drabkin's reagent (Sigma-Aldrich). Abdomens of fed mosquitoes were homogenized in 1 mL of freshly prepared Drabkin's reagent supplemented with Brij 35 Solution (Sigma-Aldrich). Samples were cleared in an Eppendorf bench-top centrifuge for 15 min at 13,500 × g, and their absorbance at 540 nm was measured in a VERSA max microplate reader (Molecular Devices).
Statistical Analysis. Data were analyzed by using GraphPad Prism v 6 software (GraphPad Software) and plotted as bar graphs or scatter plots. Comparisons were made with the two-tailed t test with a 95% confidence interval and two-way analysis of variance. P < 0.05 was considered significant. A χ 2 test with a 95% confidence interval was used for feeding success measurements.
